Abstract-We investigate efficient broadband infrared supercontinuum generation in meter-length single-mode small-core tellurite holey fiber. The fiber is pumped by 1.06 m picosecond pulses in the normal dispersion region. The high Raman gain coefficient and the broad Raman gain bands of the tellurite glass are exploited to generate a cascade of Raman Stokes orders, which initiate in the highly normal dispersion region and quickly extend to longer wavelengths across the zero dispersion wavelength with increasing pump power. A broadband supercontinuum from 1.06 m to beyond 1.70 m is generated. The effects of the pump power and of the fiber length on the spectrum and on the power conversion efficiency from the pump to the supercontinuum are discussed. Power scaling indicates that using this viable normal dispersion pumping scheme, 9.5 W average output power of infrared supercontinuum and more than 60% conversion efficiency can be obtained from a 1 m long tellurite fiber with a large mode area of 500 m .
I. INTRODUCTION
S UPERCONTINUUM (SC) is generated when a combination of nonlinear processes act together upon a pump beam in order to cause severe spectral broadening of the original pump [1] . Compact all-fiber-based single-mode broadband infrared SC sources providing output across the range from 1 to 5 m are desired for various applications in a diverse range of fields, including airborne light detection and ranging, optical coherence tomography, frequency metrology, fluorescence lifetime imaging, and gas sensing.
Efficient supercontinuum generation (SCG) in optical fibers relies critically upon several parameters of the nonlinear fiber employed, including 1) the effective nonlinearity , where is the nonlinear refractive index of the core glass, is the wavelength, and is the effective mode area of the fiber); 2) the group velocity dispersion at the pump wavelength and the dispersion profile; and 3) the effective length of the fiber, , where represents the optical loss of the fiber at the pump wavelength and is the fiber length).
In order to obtain the broadest SC, the most efficient scheme is to pump the fiber within the anomalous dispersion regime [2] . This means that it is necessary either to find a suitable pump source operating at a wavelength longer than the zero dispersion wavelength (ZDW) of the fiber or to suitably engineer the dispersion profile of the fiber so that the ZDW matches the preferred commercial laser pump sources. The latter can frequently be realized using holey fiber (HF) technology [3] . For example, it has been shown that it possible to engineer the ZDW(s) of silica glass-based HF over a very broad wavelength range (anywhere down to the green regions of the spectrum) via suitable control of the air-fill fraction and the lattice structure of the air holes in the microstructured cladding. This is possible due to the wavelength-scale features of the microstructured cladding and the large index contrast between the air and the background material. As a result, it becomes possible to fabricate a silica fiber with a ZDW slightly shorter than the wavelength of most common pump laser sources-for example, down to 1 m to match the operating wavelength of the ytterbium-doped fiber laser which is merging as a pump laser of choice for many applications. However, note that in order to achieve a ZDW much shorter than the material dispersion, wavelength generally requires a fiber with a very small core since a large positive waveguide dispersion is required in this case to compensate the large negative dispersion of the core material. Such ZDW-shifted fibers are therefore generally quite nonlinear and the further the pump wavelength from the material ZDW the smaller the core and the more highly nonlinear and more prone to optical damage the fiber becomes.
Achieving maximum bandwidth is often not the only concern when designing a practical SC source. The maximum output power and spectral intensity are frequently equally important issues. In this regard, the use of anomalous dispersion pumping at wavelengths much shorter than the material dispersion wave-length of the fiber can be restrictive due to the small fiber core size required to achieve ZDW-shifted operation. The dispersion of weakly guiding large core fibers is dominated by the core material dispersion which typically occurs at long wavelength relative to the most convenient high-power pump sources. Investigating techniques that allow pumping deep in the normal dispersion regime are, thus, of great interest.
The pump requirements and general mechanism of broadband SC generated through normal dispersion pumping are as follows: first, the pump pulse duration should be relatively long, e.g., a few picoseconds (ps) or longer; in this case, stimulatedRaman scattering (SRS) tends to dominate and typically a series of cascaded discrete Stokes lines will appear until the ZDW of the fiber is reached; finally, with sufficiently high pump power, the SC spectrum will cross the ZDW and then rapidly expand to much longer wavelengths due to nonlinear effects such as modulation instability (MI), four wave mixing (FWM), and soliton fission [2] which now dominate in this dispersion regime. Note that with the normal dispersion pumping, if the pulse duration is several hundreds of femtoseconds (fs) or less, self-phase modulation (SPM) will dominate the pulse broadening mechanism and the spectral bandwidth will be narrow due to the approximately symmetric temporal pulse broadening [4] . To realize an efficient and broadband SC using the 1.06 m normal dispersion pumping scheme, the length of the nonlinear fiber should be short in order to minimize the walk-off effect, which is significant at high normal dispersion. To circumvent this, the core material should possess a high Raman gain coefficient, a large Raman gain bandwidth, and a high nonlinear refractive index . Tellurite (TeO -based) glass is an ideal candidate with a Raman gain coefficient about 30 times higher than that of silica and a Raman gain bandwidth which is almost twice that of silica [5] . Moreover, the of tellurite glass is typically one order of magnitude higher than that of pure silica [6] . The ZDW of the tellurite bulk glass is typically around 2.0-2.3 m [7] ; thus, a tellurite fiber with relatively large core diameter will typically exhibit normal dispersion at 1.06 m, unless the fiber is an air-suspended-core (ASC) HF with a submicrometer-size core and correspondingly large waveguide dispersion [8] . In addition, a few works on generating broadband SC in tellurite HFs have been reported (e.g., [8] ) using near-zero or anomalous dispersion pumping scheme, because the main focus on those works is to maximize the bandwidth of the generated SC spectrum rather than taking the feasibility of generating SC with the practically usable power level into consideration as the first priority.
In this paper, we first investigated the Raman gain coefficient of the widely studied sodium zinc tellurite glass and of fused silica glass for reference, based on the measured spectrum of spontaneous Raman scattering. Next, an ASC tellurite HF with a ZDW of 1.38 m was fabricated with the same glass composition. A 20 ps pulsed laser source at 1.06 m, at which the HF has high negative dispersion value of ps/nm/km, was employed to study SCG from this tellurite ASC HF. Cascaded Raman Stokes was observed under low average pump power, and the spectrum quickly evolved to form an SC across the ZDW of the fiber by increasing pump power. Comparing the output spectra for different pump powers and different fiber lengths shows that the efficient generation of broadband SC with normal dispersion pumping is mainly attributed to the high Raman gain coefficient and the large Raman gain bandwidth of the tellurite glass. Based on the facet damage threshold of the fiber in the experiment, we calculate that it should be feasible to scale the average power of the SC to near 10 W, corresponding to a mean spectral density of 15 mW/nm, in a 1 m long large-mode-area (LMA) (500 m ) tellurite fiber.
II. RAMAN GAIN COEFFICIENT OF TELLURITE GLASS

A. Preparation of Bulk Tellurite Glass
The tellurite glass studied here was made in house based on the composition of 75TeO -20ZnO-5Na O (mol.%) (TZN) [9] , [10] . The glass has a refractive index of 2.0 at 1.06 m and a glass transition temperature of 300 C. High purity commercial chemicals of tellurium dioxide (TeO , purity: 99.9995%, Alfa Aesar), zinc oxide (ZnO, purity: 99.9995%, Alfa Aesar), and sodium carbonate (Na CO , purity: 99.997%, Alfa Aesar) were used as raw materials for glass melting. A batch of 30 g was well mixed first and then melted in a gold crucible at 800 C for 45 min. Pure oxygen gas was purged into the furnace during the melting. The melt was then cast into a stainless steel mold which was preheated around the glass transition temperature ( ). The glass and the mold were held around for 2 h to remove the thermal stress inside, and then cooled down to room temperature. The glass sample was grounded down to the dimensions of 20 mm 10 mm 3 mm and the two largest parallel faces were polished to optical quality.
B. Calculation of the Raman Gain Coefficient of Bulk Glasses
The depolarized spontaneous Raman scattering spectra of the TZN glass and a reference pure silica glass were measured by a micro-Raman spectrometer (RENISHAW Ramanscope) using a He-Ne laser (633 nm) as pump source. With the assistance of a charge-coupled device (CCD) camera, it was ensured that the laser beam was focused on the top surface of the sample. The Raman spectra were recorded from 200 to 1000 cm with a resolution of 1 cm .
The reduced Raman intensity spectra were obtained by dividing the spontaneous Raman spectra by the thermal population factor of , where is the Bose-Einstein thermal factor [11] , [12] ( , where is Planck's constant, is the Raman shift frequency, is the temperature for the measurement, and is Boltzmann's constant). The reduced Raman intensity spectrum exhibits a line-shape which is close to that of stimulated Raman scattering [12] .
In order to evaluate the Raman gain coefficient of the tellurite glass, the reduced Raman intensity is normalized by the peak Raman intensity of pure silica glass at 440 cm . Fig. 1 shows the relative reduced Raman intensity spectra of the samples. The Raman vibration at 433 cm is associated with the glass Te-O-Te chain unit's symmetric stretching mode, and the spectral features at 665 and 741 cm are due to the vibration [5] .
Since the Raman gain coefficient is related to the differential cross section as: [13] ( is the differential cross section, is the Stokes wavelength, and is the refractive index of the glass), we obtained the Raman gain coefficient of the tellurite glass by (1) where is the peak Raman gain coefficient of the silica glass and is the ratio of the differential cross section of the tellurite glass to that of silica. The relative differential cross section can be obtained by multiplying the relative reduced Raman intensity with a correction factor F, which takes the changes in the scattering geometry and the intensity related to the refractive index of the samples into account [14] . We calculated the F factor using the method presented in [12] . Table I shows the Raman gain coefficient of TZN glass for pump wavelengths of 633 and 1060 nm, respectively. The Raman gain coefficient was calculated through (1) by using the relative differential cross section, the gain coefficient of silica and the refractive index also shown in Table I . The reference peak gain of silica with pump wavelengths of 633 and 1064 nm, was converted from the gain coefficient of cm/W with 532 nm pumping [13] using its dependence on the pump wavelength as [13] . It is seen that with the pump of 1060 nm, the Raman gain coefficient of TZN glass at the 741 cm Raman shift is 35 times higher than that of pure silica glass at 440 cm . In principle, since Raman scattering is a polarization-dependent effect, the polarized spontaneous Raman spectrum rather than the depolarized spontaneous Raman spectrum should be utilized for the calculation of the Raman gain coefficient of the bulk glass. However, for both tellurite glass and silica glass, the intensity of the Raman scattering is dominated by the parallel polarization (VV) and the intensity of the perpendicular polarization (VH) is typically only 5% of the former intensity [13] . As a result, the depolarized spontaneous Raman spectrum gives a relative reduced Raman intensity almost identical to the one obtained from the polarized spontaneous Raman spectrum.
III. FIBER FABRICATION AND FUNDAMENTAL PROPERTIES
In order to understand the mechanism of SC generation with the involvement of SRS in tellurite fiber under 1.06 m normal dispersion pumping, a single-mode tellurite HF with an ASC was used for the experiment. The tellurite ASC HF with a composition of 75TeO -20ZnO-5Na O (mol.%) was made in-house using the extrusion method [10] . Fig. 2(a) shows scanning electron microscope (SEM) microphotographs of the cross section of the fiber. It is seen that the fiber has an outer diameter of 250 m. A triangular core with an effective mode area of 2.6 m is isolated from the outer glass jacket by three m long and nm thin supporting struts. Single-mode laser radiation at various wavelengths was, respectively, launched into one facet and the near-field spatial mode guidance characteristics of the fiber investigated by imaging the output mode onto a CCD camera. The fiber length used here is 1.35 m. Fig. 2(b) shows the near-field images from the HF from visible region (476 and 514.5 nm laser lines from an Argon laser; 635 nm line from a single-mode fiber-pigtailed laser diode) to 1.06 m (see the source description in Section IV). It is observed that, at 476 nm, the fiber core is capable of supporting a few higher order modes. The core appears to support fewer modes at 514.5 nm and 635 nm. Robust single-mode guidance is observed at 1.06 m. The numerical simulation shows that at 1.06 m, the normalized frequency V number of the HF is 10, indicating that multiple modes should be guided in the HF. In our experiment, higher order modes were not excited or were not easily to be excited in such a small-core fiber with a short length. At 1.06 m, the observed single mode guidance is robust and not sensitive to the launching condition. Thus, this HF is effectively single moded at 1.06 m.
The propagation loss of the HF was measured to be dB/m at 1.06 m and dB/m at 1.55 m by the cutback method, respectively. The loss spectrum from 600 to 1700 nm was also measured using the cutback method too. A 1 W tungsten halogen lamp as the broadband source, and the spectrum traces from 600 to 1700 nm were recorded by an optical spectrum analyzer (OSA) (Ando AQ-6315A). Note that in the measurement of the spectrum (600-1700 nm) and the scatter loss values (at 1.06 and 1.55 m), the total cutback length between 0.5 and 2 m and at least four cutback measurements were done. Fig. 3 shows the measured loss spectrum and the measured loss values at 1.06 and 1.55 m. It is seen that the loss spectrum from 1.0 to 1.65 m is relatively flat and ranging between 2 and 3 dB/m. Fig. 4 shows the dispersion profiles of the tellurite ASC HF (calculated) and of the bulk tellurite glass. The ZDW of the HF is shifted to 1.38 m from the 2.15 m in the bulk, due to the large waveguide dispersion of the small ASC [15] . At 1.06 m, the dispersion of the HF is ps/nm/km. Note that although this fiber was made in 2004 and then stored in the laboratory without any special care, no degradation in terms of the mechanical strength and the optical properties has been observed on the fiber in this experiment, indicating the excellent chemical durability of the chosen tellurite glass composition. 
IV. SRS AND SC GENERATED IN TELLURITE FIBER
A. Experimental Setup
The experimental setup for SC generation in the tellurite ASC HF is shown in Fig. 5 . A 1.06 m Yb-doped all-fiber master oscillator power amplifier (MOPA) with pulse duration of 20 ps and repetition rate of 14.4 MHz [16] was used as the pump source. The optical output of the MOPA was coupled into the small core of the tellurite HF using free-space lens coupling. A CCD camera was used to monitor the near-field image of the output end of the tellurite HF to ensure that the pump light was coupled into the core. Water-cooling was applied at the input end of the tellurite HF to remove the generated heat.
Under low pump power, the launching efficiency, i.e., the ratio of the actual pump power launched into the fiber core to the pump power before the focusing lens in front of the fiber, was measured to be 39%. This launching efficiency includes the transmission loss of the focus lens, the Fresnel reflection loss at both ends of the high-index tellurite glass fiber, and the loss induced by the mismatch of the focused pump spot with the mode area of the ASC HF. It is feasible to enhance the launching efficiency significantly by splicing the tellurite fiber with silica fiber, so that the Fresnel reflection loss is reduced due to the smaller index contrast between silica and tellurite than that between air and tellurite glass. The generated output spectra from the fiber were recorded by an OSA (Agilent 86140B) with a resolution bandwidth of 0.5 nm. A power meter was used to measure the average power of the SC at the output end of the HF for each value of the launched average pump power.
In the experiment, the fiber initially had a length of m, and the generated SC spectra were observed under launched average pump powers of 16.0, 24.6, 33.9, 58.5, 80.0, and 128.7 mW. The fiber was then cut to a length of m and the generated SC spectra were measured using the same launched average pump powers.
B. Generation of First Raman Stokes and antiStokes Order
According to the reduced Raman intensity of TZN glass shown in Fig. 1 , with pumping at 1060 nm the first Raman Stokes order in the tellurite ASC HF should have three peaks at 1111, 1140, and 1150 nm, while the first Raman antiStokes order from the tellurite glass fiber should have three peaks at 1013, 990, and 983 nm.
At 1060 nm, the effective length of the fiber with actual lengths of 1.35 and 0.50 m is calculated to be 0.96 and 0.42 m, respectively. The walk-off length ( , where is the duration of the pulse (20 ps), and is the separation between the pump and the Stokes waves) is calculated to be 0.75 m between 1060 and 1150 nm. Since the of the fiber with lengths of 1.35 and 0.50 m are comparable to the between the first-order Stokes and pump waves, the walk-off effect will have some impact on the SRS generation, especially for the longer length. Fig. 6 illustrates the evolution of generating the first-order Raman Stokes and antiStokes peaks from the fibers with lengths of 1.35 (top) and 0.5 m (bottom) for increasing launched average pump power.
For the HF with 1.35 m length, the first Stokes order appears when the launched average pump power is around 9.8 mW, corresponding to a peak power of 34 W. When the launched average pump power increases to 24.6 mW, the first-order Stokes wave, which has an identical profile to that of bulk glass, is significantly enhanced. In the case of 0.50 m long fiber, the launched average pump power needs to be as high as 33.9 mW to reach similar enhancement for the first-order Stokes wave as in the 1.35 m fiber, for the shorter fiber has a smaller Raman gain.
For the 1.35 m long fiber, the second-order Stokes is generated and the spectrum extends beyond 1200 nm with a launched average pump power of 33.9 mW. With the same pump power for the 0.50 m long fiber, two peaks belonging to the first-order Stokes can be seen in Fig. 6 (bottom) but the spectrum does not extend across 1180 nm. Additionally, at this power level, a broadening of the spectrum on both sides of the pump is observed, due to the strong SPM effect. With a further increase of the launched average pump power the relative intensity of the Stokes peak at 741 cm keeps growing but the peak at 433 cm appears to be saturated. This is because the Stokes components at the higher frequency act as pump for the lower frequency Stokes components. This is in agreement with the observation for silica glass fibers [4] . On the other hand, the first antiStokes order appears at 1020 nm, rather than the calculated 1013 nm, in the 0.5 m long fiber, but it does not show up at all for the 1.35 m long fiber. This is mainly because the Raman gain profile is antisymmetric, which is very different from the FWM-based symmetric parametric gain profile, so that the frequency components on the antiStokes side of the pump are in principle converted back to longer wavelengths by consecutive Raman processes.
C. Generation of Higher Order Raman Stokes and antiStokes in the Normal Dispersion Region
By further increasing the launched pump power, higher order Stokes toward the longer wavelengths can be observed. Fig. 7 illustrates the spectra of the generated higher order Raman Stokes, which extend toward the ZDW of the tellurite ASC HF. The wavelengths of the second and third orders of the Raman Stokes peak at 741 cm are calculated to be 1257 and 1386 nm, respectively. As seen in Fig. 7 , for both lengths of fiber, the spectrum appears much flatter than that of the first-order Raman Stokes. This is very different from the discrete cascaded Raman lines observed in a 1 km long silica glass fiber [17] . We attribute such a continuum rather than discrete Raman Stokes lines here to 1) the much higher Raman gain coefficient and much broader Raman bands of tellurite glass compared to those of silica and 2) the nature of the multiple Raman peaks of tellurite glass.
Similar to Fig. 6 , it is seen in Fig. 7 that the antiStokes at 1.02 m only appears in the shorter fiber rather than in the longer fiber, arising from the nature of self-shifting of SRS to longer wavelengths. The 1.35 m long fiber, which has higher Fig. 8 shows the SC extending across 1.38 m and into the anomalous dispersion region with higher launched average pump power. It is seen that by increasing the launched average pump power to 128.7 mW, corresponding to a peak power of 447 W, the 10 dB bandwidth of the generated continuum from 1.35 m long and 0.5 m long HF is 600 and 200 nm, respectively. Note that the spectrum beyond 1700 nm could not be observed due to the limited range of the OSA. Such broadband SC observed in the longer HF is because of the generated third-order Raman Stokes at a wavelength around ZDW, subsequently acts as a pump for SC generation within the near-zero dispersion/anomalous dispersion pump scheme. In this regime, a combination of nonlinear effects including FWM, MI, and soliton-related dynamics broaden the spectrum significantly [18] , [19] .
D. Extending SC Into the Anomalous Dispersion Region
The relation between the average output powers and launched average pump powers in the fibers with 1.35 and 0.50 m length is shown in Fig. 9 . For the 0.50 m long HF, the output and the pump power show a good linear relation with a nearly constant 68% conversion efficiency. For the 1.35 m long HF, the pump-to-SC conversion efficiency appears nonlinear: at low pump power levels, i.e., when the launched average pump power is less than 33.9 mW and the generated Raman stokes is within the normal dispersion region, the slope of the conversion efficiency is 50%; at high pump power, where the generated SC extends across the ZDW of the fiber, the conversion efficiency decreases significantly, dropping to 36% at an average pump power of 128.7 mW. The decrease of the conversion efficiency of the 1.35 m long fiber in comparison with the 0.50 m long fiber is likely because 1) there exists an additional propagation loss of 1.8 dB for the 1060 nm pump in the longer fiber; and 2) the quantum defect from the pump photons to the generated photons significantly increases when the SC crosses the ZDW and extends toward much longer wavelengths. By contrast, for the 0.50 m long fiber, the spectrum is essentially composed of SRS peaks between 1.15 and 1.20 m, so that the quantum defect is low.
E. Numerical Simulation of SRS and SCG in Tellurite HF
In order to confirm our understanding of the aforementioned experimental results, we performed numerical simulations of SRS and SC generation in the tellurite ASC HF. The simulations solve the generalized nonlinear Schrödinger equation using a split-step Fourier technique. A sufficiently large number of discretization points were chosen to ensure appropriate coverage of the large temporal and spectral windows. The model used as inputs the measured Raman gain (see Table I ), Raman spectrum (see Fig. 1 ), mode area (see Fig. 2 ), fiber dispersion (see Fig. 4 ), and input pump spectrum (see Fig. 6 ). In the time domain, the pump pulses were modeled with a Gaussian shape of 20 ps pulse duration. Due to the flat loss spectrum of the HF from 1.0 to 1.65 m, in the simulation, a constant loss value of 2.3 dB/m was set in the simulation. Fig. 10 illustrates the calculated SRS and SC generated from the 1.35 m long (top) and 0.5 m long (bottom) fiber, for average pump powers of 3, 9, 15, 21, and 30 mW, corresponding to peak powers of 10, 30, 50, 70, and 100 W, respectively. The simulated spectra show more pronounced peaks than the measured curves, but overall the spectral profiles correspond well with the experimental results.
However, we note that the powers used in the experiment were about 3-4 times higher than the powers used in the simulations for generating similar spectra. For example, the experimental SC generated in the 1.35 m long HF under the launched average pump power of 128.7 mW [see Fig. 8 (top) ] is similar to the simulated SC under the launched average pump power of 30 mW [see Fig. 10 (top) ], in terms of their spectral line-shape and the bandwidth. We attribute this discrepancy mainly to the idealized Gaussian pulse shape used in the simulations, which neglects pulse distortions prior to the fiber launch and, for example, any long temporal pedestals. The significantly enhanced undepleted pump power in the output spectra observed in the experiments compared to the simulations supports this argument.
In addition, an extra simulation was run to investigate the impact of SPM effect in comparison with the Raman effect on the SC generated in the fiber under the experimental conditions. Generally, it is not possible to separate, for example, SPM from FWM in the simulation. Instead, the Raman effect in the simulation was intentionally switched OFF in the model. This leaves all the Kerr nonlinearities (including SPM, FWM, and so on) intact. So under an average pump powers of 30 mW (corresponding to a peak powers of 100 W), for the 1.35 m long fiber, the outcome trace is very similar to the original pump and the broadening of the spectrum is minor due to the highly normal dispersion at the pump wavelength. It indicates that at the initial broadening stage of the spectrum when the generated SC is within the highly normal dispersion regime, no significant broadening occurs without the assistance of the Raman effect. Therefore, the SPM effect does not play a significant role in such a situation. Of course, once the SC is close to and/or crosses the ZDW, all the nonlinear effects contribute significantly to the SC. Fig. 11 shows the calculated conversion efficiency from the average pump power to the average SC output power. When the average launched power increases from 3 to 30 mW, the conversion efficiency in the 0.5 m long fiber decreases from 77% to 71%, while for the 1.35 m long fiber, the conversion efficiency decreases from 49% to 42%. These numbers compare well with the experimental results, considering the differences in launched pump power as discussed earlier. 
V. PERSPECTIVE OF POWER SCALING FOR HIGH-POWER SC APPLICATIONS
Even higher SC output power could not be achieved in the experiment due to the damage of the input facet of the HF when the launched average pump power reached 140 mW (corresponding to a peak power of 390 W). Fig. 12 shows optical photographs of the cross section of the ASC HF before and after the facet damage. It can be seen that in the damaged fiber the ASC has disappeared but the three supporting spokes still exist. Such damage was observed reproducibly under the same launched average pump power level. The damage intensity is estimated to be 18.7 GW/cm . The surface damage threshold of tellurite bulk glasses was reported to be 15-20 GW/cm using a Nd:YAG laser at 1064 nm with a similar pulse duration of 25 ps [5] . Note that this reported surface damage threshold of bulk glass was measured before the light was launched into the glass; thus, the combined Fresnel reflection loss, which is 20% if the light is at near-normal incidence to the interface, was not taken into account. Therefore, the damage threshold obtained from our experiment is comparable to the reported value of the bulk.
Power scaling is always desired for a practical laser source. For rare-earth-doped fiber lasers or Raman fiber lasers, power scaling of the laser requires scaling up the core diameter of the fiber. However, for a fiber-based SC source with pumping near the ZDW, the dispersion profile plays a dominant role for the spectrum profile and the SC bandwidth. Unfortunately, using the same core material, the dispersion profile of a large-core fiber will be totally different from that of a small-core fiber. The former dispersion will be very close to the material dispersion, while the latter one will exhibit a ZDW shifted to a much shorter wavelength due to the large waveguide dispersion. From  Fig. 4 , one can see such a difference in dispersion between a small-core tellurite fiber and a large-core tellurite fiber. As a result, power scaling is difficult to achieve using the anomalous dispersion pumping scheme. For the normal dispersion pumping scheme, on the other hand, dispersion becomes less problematic. If we use a large-core tellurite fiber, more cascaded Raman Stokes orders are required before they reach and cross the ZDW ( 2 m) of the fiber, but the general mechanisms for generating a broadband SC are the same as in the small-core fiber. In this case, much higher output power can be obtained without fiber damage. For example, if we consider a large-core tellurite fiber with a large effective mode area of 500 m at 1060 nm, we deduce that the launched average power causing facet damage will be as high as 27 W. Note that a very LMA tellurite HF with of 3000 m has already been demonstrated [20] . We performed numerical simulations to confirm the power scalability of SC in tellurite fiber. Fig. 13 shows simulation results for a 1 m long (top) and 2 m long (bottom) tellurite LMA fiber with m . The fiber loss is assumed to be 1 dB/m at 1060 nm and the dispersion is assumed to follow the bulk material dispersion with a ZDW of 2.15 m. The same pump source properties were chosen as for the simulations in Fig. 10 but were scaled to higher powers. The launched average power was set as 0.6, 3, 6, 9.6, 12, and 15 W, corresponding to peak powers of 2, 10, 20, 32, 40, and 48 kW, respectively. Fig. 13 shows that broadband SC spanning from 1.1 to 1.7 m with 10 dB bandwidth can be respectively generated from 1 m long and 2 m long LMA tellurite fibers. Fig. 14 shows the calculated average output power and conversion efficiency as a function of launched average pump powers for 1 m long and 2 m long LMA tellurite fibers. It can be noted that there is no significant improvement by using 2 m long fiber in comparison with using 1 m long fiber, due to the walk-off effect. More than 60% conversion efficiency can be expected in a 1 m long fiber when the average launched power increases up to 15 W. In other words, an SC from 1.1 and 1.7 m, i.e., with a 10 dB bandwidth of 600 nm and with an average output power of 9.5 W, corresponding to a mean spectral density of 15 mW/nm, can be achieved in a 1 m long LMA tellurite fiber. Hence, an LMA tellurite HF is a promising candidate for generating watt-level near-IR SC using the normal dispersion pumping scheme. Though the SC bandwidth using the normal dispersion pumping scheme here is not as great as the one obtained from 1550 nm anomalous dispersion pumping [21] , the high average power of SC output, the high spectral intensity, and the high pump-to-SC conversion efficiency in this study indicate the promise of generating high average power near-infrared (1-1.7 m) SC source.
VI. CONCLUSION AND FUTURE WORK
In summary, we have experimentally investigated Raman-assisted broadband near-infrared SC generation in a single-mode tellurite ASC HF with lengths of 1.35 and 0.50 m, pumped by a 20 ps pulsed laser in the highly normal dispersion region. The spectral broadening is mainly attributed to the high Raman gain coefficient and the broadband Raman bands of the tellurite glass. With this normal dispersion pumping scheme, we expect that power scaling should be possible to generate broadband infrared 1.1-1.7 m SC with output average powers as high as 10 W and mean spectral density of 15 mW/nm in a 1 m long LMA tellurite fiber with a mode area of 500 m . It proves that the normal dispersion pumping scheme using 1.06 m pulsed laser is a viable approach to achieve broadband and potentially high-power output SC in tellurite fiber.
